Immunoglobulin M (IgM) is the only immunoglobulin found in the serum of all jawed vertebrates. It is also the first immunoglobulin to be expressed during an immune response, and the first immunoglobulin to be expressed during ontogeny (Bengten et al. 2000) . The constant region of IgM consists of four domains (Miller and Metzger 1965) . Membrane and secreted forms of the molecule result from differential splicing of the primary transcript and differ only by their carboxy terminal sequence (Rogers et al. 1980) . The membrane bound form of IgM acts as a receptor on B cells (Vitetta et al. 1971) , while the secreted form is found as a pentamer in serum of therian mammals, birds and chondrichthyan fish, and is involved in the activation of the complement system. Amphibians use a hexameric variant of IgM, while bony fishes predominantly use a tetrameric IgM (Ghaffari and Lobb 1989; Getahun et al. 1999) . In addition to being the only isotype found in all jawed vertebrates, IgM appears to be the only immunoglobulin isotype which has been maintained essentially unchanged in overall structure during vertebrate evolution. We were therefore very puzzled by an observation obtained in recent screening for different immunoglobulin isotypes in the platypus (Ornithorhynchus anatinus). This screening led to the isolation of full length cDNA clones for five different immunoglobulin isotypes, IgE, IgG1, IgG2, IgA1 and IgA2 (Vernersson et al. 2002; pers. comm.) . However, during this relatively extensive screening no classical IgM or IgD homologues were identified. This was unexpected; prior studies had identified IgM in the serum of a representative of the other monotreme lineage, the short-beaked echidna (Tacchyglossus aculeatus) (Atwell et al. 1973) , and we felt it was unlikely that IgM had simply been lost in the platypus lineage. We therefore looked for IgM in a T. aculeatus spleen cDNA library, and successfully isolated a classical IgM (µ chain) homologue (Belov et al. 2002a ). This T. aculeatus clone was then used to re-screen the O. anatinus spleen cDNA library.
The isolation and characterisation of immunoglobulin isotypes from the monotremes is an important first step in the generation of specific immunological reagents which are necessary to study immune responses in this group of mammals. Prior studies suggest that the monotreme secondary immune responses are of a smaller magnitude than those of eutherians (Diener et al. 1967) , not resulting in a full replacement of mercaptoethanol-sensitive antibodies (thought to be IgM) by mercaptoethanolresistant antibodies (thought to be IgG). This has resulted in the conclusion that monotremes appear to exhibit a degree of immunological memory (ability to recognise prior exposure to antigens) somewhere between that of amphibians and eutherians. Interestingly, the monotreme lymphoid system differs from that of the marsupials and the eutherians, in that monotremes do not have lymph nodes, rather they have lymphoid nodules, which have been described as resembling jugular bodies of amphibians (Diener and Ealey 1965) . Revisiting these earlier studies using more sophisticated methodologies is a necessary step to understanding the evolution of the immune response in higher mammals.
MATERIALS AND METHODS
A T. aculeatus IgM heavy chain constant region (Cµ) (GenBank AF416952) (Belov et al. 2002a ) cDNA clone was used as a probe to screen an O. anatinus cDNA library (Vernersson et al. 2002) . Plaques from the library were transferred to Hybond N+ nylon membranes (Amersham). The membranes were prehybridised for 2 hr at 55 o C in Rapid Hyb Buffer (Amersham) before hybridisation. The probe was labelled with 32 P-dATP (3000 Ci mmol -1 Amersham) using a Random Primed DNA Labelling kit (Roche), added to the prehybridisation buffer and incubated at 55 o C for ~17 hr with constant rotation. Membranes were washed (3 x 5 min in 2 x SSC (1 x SSC is 0.15M NaCl and 0.015M Na 3 citrate), 2 x 30 min in 2 x SSC + 0.1% SDS, 3 x 30 min in 0.5 x SSC + 0.1% sodium dodecyl sulfate (SDS)) and subjected to autoradiography overnight at -70 o C with intensifying screens (Amersham). Several positive plaques were picked and subjected to secondary and tertiary screening under the same conditions as described above.
Automated sequencing was used to sequence cDNA inserts in forward and reverse directions using the ABI 377 sequencer at the Department of Biological Sciences, Macquarie University. Amino acid sequences were aligned using the Clustal X program (Thompson et al. 1997 ) and the PAM matrix. Phylogenetic trees were constructed using PAUP*4.0b (Swofford 1997) neighbour joining (NJ) and maximum parsimony (MP) analyses. K a (nonsynonymous substitution) values were determined using the GCG package NEWDIVERGE (Genetics Computer Group, Wisconsin), with rate of divergence [r] calculated with the formula 2r=K a /T, where [T] is time (Graur and Li 2000). As described previously, we estimated [r] by anchoring our molecular clock with the divergence of the mammalian lineage from the non-mammalian lineage (310 million years ago) based on the fossil record (Benton 1997), giving us a rate of 1.24 x 10 -9 amino acid substitutions per year (Belov et al. 2002a) .
RESULTS AND DISCUSSION
An O. anatinus IgM clone was isolated from a spleen cDNA library with a T. aculeatus Cµ probe. The longest clone, shown in figure 1, contained a 2098 bp insert, encoding the entire IgM heavy chain open reading frame, including the entire variable and constant regions. The sequence has been assigned the GenBank Accession number AY168639. Putative exon boundaries, based on alignment with various eutherian sequences, mark the four constant region domains. Putative glycosylation sites are shown in Fig. 1 . The glycosylation pattern is identical to that seen in T. aculeatus Cµ (Belov et al. 2002a ) but differs in several positions from that seen in mouse, human and opossum IgM (Fig 2) . The positions of the various glycosylation sites also differs between human and mouse and human and opossum (Fig 2) . This apparent lack of direct conservation appears to be relatively common phenomenon when comparing putative glycosylation sites in different immunoglobulin isotypes of various species. Only rarely is the position of a particular site conserved in all species analysed, indicating that only very few of them are directly involved in the function of the immunoglobulin molecule. Instead the glycosylation sites are probably primarily involved in determining folding and solubility of the molecule (Fig 2; Vernersson et al. pers. comm.).
The mRNA encodes the secreted form of the molecules, as the terminal 19 amino acids are hydrophilic and contain the highly conserved cysteine residue and conserved glycosylation site necessary for binding to the J chain (de Lalla et al. 1998) .
Putative framework and complementarily determining regions, within the variable region, were deduced using the V-quest (http://imgt.cnusc.fr:8104) computer program. The variable region of this cDNA clone belongs to the VH3 clan. So far, all isolated O. anatinus immunoglobulin variable regions have belonged to this clan (Johansson et al. 2002) . On the other hand, sequences belonging to all three variable region clans have been isolated from T. aculeatus (Belov et al. 2002b,c) , suggesting that the two monotreme lineages may use a somewhat different mechanism for generating antibody diversity. The significance of this is not yet understood. Fig. 2 shows an amino acid alignment of various IgM constant region sequences. O. anatinus Cµ sequence shares 87% amino acid identity with T. aculeatus Cµ, 44 -51% identity with marsupial and eutherian Cµ sequences, 30-36% with bird, reptile and amphibian Cµs and 21-29% with fish Cµs (see Table 1 .) Despite the fact that the level of sequence identity is relatively low between fish and Fig. 1 . Nucleotide and deduced amino acid sequence of the platypus immunoglobulin M heavy chain. Putative framework and complementarity determining region domains were estimated using V-quest. Putative constant region domains are based on alignment with eutherian sequences. Potential N-linked glycosylation sites are shown. Fig. 2 . Amino acid alignment of platypus constant region of IgM (Cµ) with Cµs from other species. Gaps have been introduced to optimise the alignment. Conserved residues are shaded. Deduced inter-and intra-chain bonds are shown. Sequence references are as follows: echidna IgM (AF416952), possum IgM (AF157618), opossum IgM (AF012109), dog IgM (P01874), human IgM (X67301), mouse IgM (X03690), cow IgM (AF005274), chicken IgM (X01613), duck IgM (U27213), turtle (U53567), frog (AAA49774), ladyfish IgM (M26182), trout IgM (S63348), bowfin IgM (U12456), gar (G529950), cod IgM (X58870), skate IgM (M29679). - Cµs the overall structure of the molecule is maintained. As expected, cysteine and tryptophan residues are well conserved, as they are integral to the structure of the molecule. Putative disulfide loops and interchain bonds are also well conserved between all tetrapod species analysed (Fig 2) (Calvanico 1984) . The only exception, among all jawed vertebrates, are the various fish species that lack one of the interchain disulfide bridges found in the Cµ3 domain (Fig 2) . Among the four exons comprising the constant region, exon four contains the most invariant and conserved residues, probably due to the involvement of this domain in binding to the J chain and thereby in the multimer formation (de Lalla et al. 1998) .
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The identification of a clone encoding the heavy chain of IgM was not surprising. However, we were quite puzzled by the fact that we had failed to identify an IgM homologue in our previous screening attempts. One possibility was that IgM is expressed at a relatively low level in O. anatinus spleen. In order to test this, we compared the level of expression of IgG1 and IgM by screening an unamplified library with specific probes and then counting positive signals. The mRNA frequency for the dominating IgG isotype (IgG1) was found to be approximately five times higher than that of IgM, which is not unusual, and does not explain why we had difficulties isolating this clone during our prior screening attempts. This finding implies that more extensive screenings may lead to isolation of IgD homologues in the many species in which IgD has not yet has been identified. Until recently IgD was only known in rodents (Tucker et al. 1980) and primates (Leslie and Martin 1978) , and was thought to be a recently evolved genes. This view has recently been overturned with the isolation of IgD from bony fishes (Wilson et al. 1997; Hordvik et al. 1999; Stenvik and Jorgensen 2000) and most recently artiodactyls (Zhao et al. 2002) . It is possible that IgD is present in monotremes, but out screening methods have not lead to its isolation.
The identification of IgM in O. anatinus and T. aculeatus, and therefore, in all three lineages of extant mammals is not unforeseen, as IgM is found across a wide evolutionary spectrum, with the basic structure of the molecule conserved between sharks and humans (Marchalonis et al. 1992) . However, it indicates that IgM is of major importance for a functional adaptive immune system and that the basic structure of IgM is well adapted for its present tasks.
The elucidation of immunoglobulin sequence data now allows us to study the evolution of these molecules at the molecular level and make inferences about the evolutionary relationships between the different mammalian lineages. We have previously shown the immunoglobulin data supports the traditional view of mammalian evolution, known as the Theria hypothesis (Belov et al. 2002b,c) . In the analysis presented in this paper bootstrap support for the basal position of the monotremes is an unequivocal 100% (see Fig. 3 ), regardless of the method of phylogenetic analysis used. Previously, we used the Cµ sequences to estimate the time of divergence of the monotremes and therians to ~170 mya (million years ago), the marsupials and eutherians to ~130 mya and the Australian and American marsupials to ~65 mya (Belov et al. 2002a) . The timing of the separation of the O. anatinus and T. aculeatus lineages is still under debate, largely due to a scarcity of fossils. Fig. 3 . Phylogenetic tree (drawn using TREEVIEW; Page 1996) depicting relationship between vertebrate Cµ sequences. Analysis was conducted on amino acid sequences, aligned with ClustalX, using the PAUP*4.01b. Bootstrap replicates are shown; with the top number generated using neighbour-joining (1000 replicates) and the bottom number using parsimony (100 replicates). Sequence references are given in Fig. 2 . Researchers have used the molecular clock to obtain estimates of the time of separation of the two monotreme families, the Tachyglossidae (echidnas) and the Ornithorhynchidae (platypus). These studies have been based on various nuclear and mitochondrial genes including: protamine P1 (18 -27 mya) (Retief et al. 1993) , mitochondrial 12S rRNA (25 -30 mya) (Gemmell and Westerman 1994) , myoglobin (28mya) (Whittaker et al. 1978) , 12 concatenated mitochondrial protein coding genes (34 mya) (Janke et al. 2002) , globins (54 mya) (Clemens et al. 1989 ) and α-lactalbumin (50 -57 mya) (Messer 1998). DNA hybridisation analyses suggest that the O. anatinus and T. aculeatus lineages separated 25 mya (Kirsch and Mayer 1998). The sequencing of the O. anatinus Cµ suggests a time of separation of the T. aculeatus and O. anatinus lineages 21 ± 4 mya (95% CI ± 8 mya), where K a was estimated at 0.052 (s.d. 0.0100). Our figure of 17 -25 mya is in close agreement with protamine P1, DNA hybridisation, mitochondrial 12S, myoglobin and mitochondrial data. The globin and α-lactalbumin data predict a much earlier separation. This discrepancy is likely only to be resolved through the collection of new fossil materials. Presently, the oldest Tacchyglossid is from the middle Miocene (~15 mya ) (Dun 1895) and so both the earlier and the later estimates remain feasible.
The cloning and characterisation of the monotreme immunoglobulin genes will allow the production of recombinant proteins and the development of isotype specific immunological reagents. These reagents will be used to study the dynamics of the humoral immune response in O. anatinus and T. aculeatus following antigenic challenge -an area where a number of important questions need to be addressed for this enigmatic group of animals. 
